Abstract

23
Before-after-control-impact (BACI) experimental designs are commonly used in large-scale experiments 24 to test for environmental impacts. However, high natural variability of environmental conditions and 25 populations, and low replication in both treatment and control areas in time and space hampers 26 detection of responses. We compare the power of two asymmetric BACI (aBACI) designs to two staircase 27 designs for detecting changes in juvenile steelhead (Oncorhynchus mykiss) abundance associated with a 28 watershed-scale stream restoration experiment. We performed a simulation study to estimate the 29 effect of a 25% increase in steelhead abundance using spatial and temporal estimates of variance from 30 an ongoing study, and determined the power of each design. Experimental designs were then applied to 31 three streams and each stream was composed of three 4 km long sections. We compared the power of a 32 single treatment section in one stream (BACI-1), three simultaneous treatments of all sections in one 33 stream (BACI-3), three sequential treatments in one stream (STAIRCASE-1), and three sequential 34 treatments in one section in each stream (STAIRCASE-3). All designs had > 94% power to detect a 25% 35 increase in abundance assuming average variance. Under worst-case variance (i.e., upper 95% 36 confidence limits of historical variance estimates), the STAIRCASE-3 design outperformed the BACI-1, 37 BACI-3, and STAIRCASE-1 designs (i.e., 77%, 41%, 8%, and 33% power respectively). All the designs 38 estimated the effect of the simulated 25% abundance increase, but the length of the confidence interval 39 was much shorter for the STAIRCASE-3 design compared to the other designs, which had confidence 40 intervals 58-596% longer. The STAIRCASE-3 design continued to have high power (88%) to detect a 10% 41 change in abundance, but the power of the other designs was much lower (range 34-56%). Our study 42 demonstrates that staircase designs can have significant advantages over BACI designs and therefore 43 should be more widely used for testing environmental impacts.
44 Introduction
48
Impacts from manipulations to ecosystems, such as the extraction of natural resources, must be 49 identified and quantified to develop strategies to reduce our footprint on the environment and manage 50 resources sustainably. Ecosystem experiments using impacts (e.g., perturbations such as logging, 51 addition of nutrients) have led to a greater understanding of the influence of management actions on 52 ecosystem processes and biological populations [1] [2] [3] . Ecosystem experiments have provided a wealth of 53 information because they were appropriately scaled -the impacts were large (e.g., often whole 54 watersheds) and the monitoring was intensive (e.g., monitoring multiple scales and for many years or 55 decades), which allowed detection of environmental changes that would not have been possible had the 56 studies been conducted on smaller spatial and temporal scales [4, 5] . However, ecosystem scale 57 experiments are expensive, difficult to replicate, and require large changes (impacts) to reliably detect a 58 response. Extrapolation of results from ecosystem experiments is also challenging because of the lack of 59 replication, unless mechanisms of change are determined (typically through directed studies believed was a reasonable length of stream that could be restored within a year and 2) would likely 155 ensure that both the experimental "populations" and the stream effects from the restoration were 156 independent between sections, and 3) was likely to capture the mechanisms that would affect the 157 population of interest (i.e., the changes in fish habitat that would lead to changes in fish abundance).
158
We estimated that approximately 150-200 LWD structures could be built per 4 km treatment section to 159 increase wood frequency to historic levels [24, 25] . We used monitoring information on juvenile home 160 ranges to confirm that relative to the population size within the sections, the exchange rate of 161 individuals (fish > 70 mm tagged with passive integrated transponders) between sections was low , and 162 therefore we considered the fish response independent across all sections. We also expected that the 163 hypothesized geomorphic response would be relatively localized [26] . Based on these criteria, each 164 study stream was divided into three 4-km long sections for a total of nine sections (Fig 2a) . 
244
We also checked our models for serial correlation across years on the measurements made within 245 stream sections using an autoregressive process [AR (1); 29]. We found a statistically significant 246 autocorrelation coefficient (r=0.42, 95% confidence interval 0.10-0.74) that we could then build into our 247 simulations (see below).
248
Simulation Modeling
249
We simulated four experimental designs based on the layout of the Asotin Creek lMW study 250 defined above (Fig 2) . First, we simulated an aBACI design in which one section was restored with LWD 251 at the start of Year 7, and the eight other sections were controls (BACI-1; Fig 3) . Second, we simulated 252 an aBACI design where three sections were restored simultaneously with LWD at the start of Year 7, and 253 the remaining six sections were maintained as controls (BACI-3; Fig 3) . Third, we simulated a staircase 254 experimental design where three sections of one stream were treated sequentially in time in a staircase 255 fashion (STAIRCASE-1). During the first three years of the STAIRCASE-1 simulation all stream sections 256 were left untreated, then, prior to measurements in each of Years 4, 7, and 10, one stream section was 257 restored (Fig 3) . Fourth, we simulated a staircase experimental design where the only difference with 258 the STAIRCASE-1 simulation was one section from each stream was selected for treatment (STAIRCASE-259 3). The STAIRCASE-3 design has the advantage that each stream serves as its own control, so that the 260 same experiment is essentially replicated three times in different years and streams. 
356
We designed linear contrasts to estimate a possible treatment effect. Generally, we designed 357 contrasts to look for specific patterns in the treatment means. We chose basic contrasts that amounted 358 to estimating mean effect of treatment across all YAT (compatible with seeking a "sudden" treatment 359 effect). The model implicitly adjusted out any spatio-temporal effects from this estimate.
360
We used this estimate and its corresponding model-based standard error estimate to compute a 361 95% t-based confidence interval for the true treatment effect. We considered the treatment effect to be 362 detected if the entire confidence interval was above 0 (i.e., the null hypothesis of no treatment effect 363 would be rejected by a 2-sided t-test at the 0.05 significance level). We computed the proportion of 364 simulations in which the treatment effect was detected at the given cutoff of p=0.05 for each 365 experimental design. We also computed the mean length of the confidence intervals, because we are 366 also interested in whether ability to detect a response was because of the precision or the size of the 367 effect.
368
To estimate the influence of variance on the power and confidence interval for each experimental 369 design, we used all three levels of variability (expected, best case, and worst case) calculated from our 370 analysis of historic and trial data (Table 2) . Each simulation contained the potential for serial 371 autocorrelation because annual correlations were observed to exist in the abundance of juvenile 372 steelhead in the different streams. We therefore simulated annual means (year effects) using 373 autocorrelation of either 0 or 0.5.
Results
375
Under the best-case variability, all designs had 100% power to detect a 25% increase in juvenile fish 376 abundance. Power remained high under the expected variability as all designs had at least 94% power to 377 detect the simulated 25% increase in abundance (Table 3 ). The power to detect a 25% increase in fish 378 abundance under the worst-case variability was almost twice as high in the STAIRCASE-3 design (77%) 379 compared to the BACI-1 (41%) and STAIRCASE-1 designs (33%). The BACI-3 design had the lowest power 380 to detect a 25% increase in fish abundance at only 8%. All designs detected the simulated 25% increase 381 in abundance accurately under expected and worst-case variability (Fig 4a and b) . Confidence interval 382 lengths were similar for all designs under expected variance (Fig 4 a) ; however, BACI-3 had larger 383 confidence interval lengths under both expected and worst-case variability and only STAIRCASE-3 had 384 confidence intervals that did not cross 0 under worst-case variability (Fig 4b) . 385 386 be considerable synergy-generally about 300% the increase in abundance (Fig 5b) . 
436
Another benefit of the staircase design over a whole stream manipulation is that logistically, 437 application of restoration in sections staggered over time is more feasible than over entire stream in a 438 single year. Regardless, the whole stream manipulation (BACI-3) resulted in very low power to detect an 439 effect under most scenarios. Furthermore, we found that the BACI-3 design was less powerful than the 440 BACI-1 design, which is even more logistically feasible than the staircase designs. Although not as 441 powerful as the STAIRCASE-1 and STAIRCASE-3 designs, the BACI-1, could be a reasonable approach if 442 the effect is large and the variability is moderate.
443
Criticisms that the benefits of stream restoration are potentially misleading or hard to detect stems 444 from the localized evaluation of restoration effectiveness (i.e. the structure or small reach scale; 
539
As promoted in adaptive management, these goals and the decision making process should be explicitly 540 stated prior to implementation of the experiment to avoid making this effort a trial and error process. 
544
The mixed models we developed for our study plans could be easily extended to other 545 experimental and sampling designs. Indeed, the mixed-model paradigm is quite flexible and could be 546 adapted to other study designs by careful identification of the units on which fixed and random effects 547 are measured [30, 39, 40] . We used historical data from the same watershed to inform the model for 548 our simulated watersheds, so the data produced by the simulation should be reasonably representative 549 of the potential measurements on this watershed (at least, as much as any empirical model can 550 represent such a complex hydrological and ecological environment). 
